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WEARABLE GLUCOMETER 
FIELD OF TBD£ INVENTION 
The invention relates to wearable apparatus that can be coupled to a body and 
continuously assay a substance in the body for an extended period of time and in particular 
5 wearable apparatus for continuously monitoring glucose levels in a body. 

BACKGROUND OF THE INVENTION 
Mediods and apparatus for determining blood glucose levels for use in the home, for 
example by a diabetic who must monitor blood glucose levels firequentiy, are available. These 
methods and associated devices are generally invasive and usually involve taking blood 
10 samples by finger pricking. Often a diabetic must determine blood glucose levels many limes 
daily and finger pricldng is perceived as inconvenient and unpleasant. To avoid finger 
pricking diabetics tend to monitor their glucose levels less ftequentiy than is advisable. 

Non-invasive in-vivo methods and apparatus for monitoring blood glucose are knovoi. 
PCT Publication WO 98/38904, the disclosure of which is incorporated herein by reference, 
15 describes a **non-invasive, in-vivo glucoroeter^ that uses a photoacoustic effect to measure a 
person's blood glucose. PCT Publication WO 02/15776, the disclosure of which is 
incoxporated herein by reference, describes locating a blood vessel in the body and 
determining glucose concentration in a bolus of blood in the blood vessel. The glucose 
concentration in the blood bolus is determined by illuminating the bolus with light that is 
20 absorbed and/or scattered by glucose to generate photoacoustic waves m the bolus, hutensity 
of the photoacoustic waves, which is a function of glucose concenuation, is sensed and used 
to assay glucose in the bolus. 

Wearable devices for assaying glucose are known, are generally based on near* 
infiaied QUR) spectroscopic methods and usually comprise a light source and optical detector 
25 that are attached to the patient's finger, wrist or other part of the body. Wearable NIR devices 
for assaying glucose are described in US Patent 6;241,663 to Wu, et al. and US Patent 
5,551,422, to Simonsen et al., the disclosures of which are incorporated herein by reference. 

An apparatus for determining glucose levels is hereinafter referred to as a 
"glucometer". 

30 SUMMARY OF THE INVENTION 

An aspect of some embodiments of the piesent invention relates to providing a 
wearable glucometer that may be mounted to a patienf s skin m alignment with a blood vessel 
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in the patient's body and thereafter operates to repeatedly assay ghic se in blood in the blood 
vessel vdthout requiring substantial user intervention. 

It is generally advantageous to determine glucose levels for a patient ftom blood 
glucose levels. Prior art wearable glucometers do not in general distinguish between glucose 
5 levels in blood and glucose levels in uxterstitial fluid and cannot therefore assure that glucose 
assays they provide are blood glucose levels. Unlike prior art wearable glucometers, a 
glucometOT in accordance with an embodiment of the invention pro\nides measurements of 
glucose levels that are substantially independent of glucose levels in inlerstitial fluid. 

An aspect of some embodiments of the present invention relates to providing a 
10 glucomeier, which once aligned with a blood vessel will contmue to operate properiy, 
providing glucose assays for blood in flie blood vessel, in the event that it becomes misaligned 
by displacements typically encountered during assay operation. 

A glucometer in accordance with an cmbodhnent of the present mvention comprises 
an array of acoustic transducers, a light provider, and a controller. The controller controls fte 
1 5 light source and the array of transducers to assay glucose in blood in the patient's blood vessel 
using a photoacoustic effect To perform the assay the controller controls the light provider to 
illuminate a tissue volume defined by a fi^eld of view of the glucometer located below the sldn 
to which the glucometer is attached with light that is absorbed and/or scattered by glucose and 
stimulates photoacoustic waves in die tissue volume. The field of view of the glucometer is 
20 defined as a size and location of a volume of tissue below a region of skin to which tiie 
glucometer is attached for which the glucometer stimulates photoacoustic waves that are 
detectable by its transducer array and practically useable to assay glucose in blood hi a blood 
vessel located in die tissue volume. When ]}roperiy aligned with the blood vessel, a region of 
the blood vessel is located subslantially at the center of the glucomeier's field of view. The 
25 transducer array generates signals responsive to acoustic energy that is incident on the array 
from the photoacoustic waves stimulated in the tissue volume. 

The controller receives and processes the signals provided By the transducer array to 
determine which of the signals corresponds to photoacoustic waves originating in the blood 
vessel and uses those signals in accordance wifli methods known in die art to assay glucose in 
30 blood in the blood vessel. Examples of photoacoustic assay methods useable in the practice of 
the invention arc described in PCT publication WO 02/15776, and ua US Provisional 
Application 60/458,973 filed on April 1, 2003, the disclosures of which are mcoiporated 
herein by reference. 

2 
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In time duzing extended assay opeiation, a gtacometer initially properly aligned whh a 
blood vessel so that a reipon of the blood vessel is located at die center of the glucometer's 
field of view, may become misaligned because for example of drift in Ae glucometcr position 
on the skin or because of motion of the sWn relative to the blood vessel. 
5 In accordance with an aspect of the invention, the transducer array and li^t provider 

are configured so that the field of view of the glucometer is sufficiently large in at least one 
dim^on so that formisallgnments typically encountered during assay operation, the blood 
vessel remains substantially within the glucometer field of view. As a result assay operation 
can continue satisfaclorily uninterrupted. 
10 In some embodiments of the inventioa, to align the glucometer with a blood vessel the 

controller controls the array of transducers to acoustically image a tissue region in the 
patient's body beneath the slcin. In some embodiments of the invention, to align the 
glucometer, the controller controls the light provider to Illuminate the field of view of the 
glucometer wth light that stimulates photoacoustic waves in the field of view. The control!^ 
15 processes signals generated by the transducer aitay responsive to the photoacousdc waves to 
generate a photoacoustic image of features below the skin. 

The acoustic and/or photoacoustic image provided by the controller is used to align the 
glucometcr with the blood vessel Optionally, the controller generates a signal responsive to 
the acoustic and/or photoacoustic Image to aid a user of the glucometer to align the 
20 glucometer wiA the blood vessel Optionally, the glucometer comprises a cBsplay screen and 
the controller displays the acoustic and/or photoacoustic image or icons responsive to the 
images to facilitate aligning the Oncometer wifii the blood vessel. 

Id some embodiments of the invention the glucometer is coupled to an insulin pump 
which 15 mounted to the patient The glucometer controls the insulin pump to administer 
25 insulin to the patient responsive to glucose measurements acquired by the glucometer. 

BR]£F DESCRIPTION OF FIGURES 
Non-limiting examples of embodiments of the present invention are described below 
with reference to figures attached hereto, which are listed following this paragraph. In the 
figures, identical smictures, elements or parts that appear in more than one figure are 
30 generally labeled with a same numeral in all the figures in which they appear. Dimensions of 
components and features shown in the figures are chosen for convenience and clarity of 
presentation and are not necessarily shown to scale. 

3 
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Figs. lA and IB schematicany show a perspective view and cross-section view 
i^spectivcly of a glucometer. in accordance with an embodiment of the jwcscnt invention; 

Figs. 2A and 2B schematically show a perspective view and cross-section view 
respectively of a glucometer comprising a linear anray of light sources, in accordance with an 
S embodiment of the present inventioi^ 

Fig. 2C schematicaUy shows a perspective ^ew of a glucometer comprising a two 
dimensional array of light sources, in accordance with an embodiment of the present 
invention; 

Fig. 2D schematically shows i perspective view of another glucometer, in accordance 
10 with an embodiment of the present invention; 

Figs. 3A and 3B schematically show a perspective view and cross-section view 
respectively of a glucometer hawig light beam that can be steered to scan tissue below a 
region of skin to which the glucometer is mounted, in accordance with an embodiment of the 
present invention; 

1 5 Fig. 3C schematically shows another glucometer having a steerable light beam, which 

is similar to the glucomet^ shown in Figs. 3A and 3C, m accordance wifli an embodiment of 
the present invention; and 

Fig, 4 schematically shows a glucometer comprising an array of light pipes for 
diiecting light to illumiiiate tissue below a region of skm to which Ae glucometer is mounted, 
20 in accordance with an embodiment of the present invention. 

DETAILED DESCRIPTION OF EXEMPLARY EMBODIMENTS 
Figs. I A and IB schematically show a perspective view and cross-section view 
respectively of a glucometer 20 m accordance wifli an embodiment of the present invention. 
The cross section view shown in Fig. IB is taken in a plane mdicated by a line "AA" in Fig. 
25 lA, Glucometer 20 is shown attached to a region of skin 22 of a patient after it has been 
aligned with a blood vessel 24 located under tiie patient's skin in order to assay glucose in 
blood in the blood vessel. 

Glucometer 20 comprises a plurality of acoxistic transducers 30 mounted to a 
mounting plate 32, which are optionally configured in an array 34 of rows 36 and columns 38, 
30 and a light provider 40 comprising a light source 42 and optics represented by a lens 44 and. 
By way of example, the number of transducers 30 in array 34 is eijght and the number of rows 
36 and columns 38 in the array are two and four respectively. A eontrolleT 46 controls li^t 

4 
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provider 40 and transducer amy 34. The components of glwometer 20 are comprised in a 
housing 47 indicated by dashed lines. 

Optionally, a power souice 45 for powering controller 46 and light source 42 is 
mounted inside housing 47. hi some embodunents of the mvention power for controller 46 
5 and light source 42 is provided by and external power source to which glucometer 20 is 
connected. Optionally, the extern^ power source is mounted to the patients body. Housing 47 
optionally has a visual display screen 48 and control buttons 49 for mteifacing with controller 
46. Glucometer 20 is optionally attached to skin 22 by a layer 26 of a suitable adhesive that 
bonds mounting plate 32 to skin 22. 
10 In some embodiments of the invention, mounting plate 32 is formed from a flexible 

piezoelectric material, such as PVDF and acoustic transducers 30 are integrally formed 
elements of the mounting plate. Each integrally formed acoustic transducer 30 comprises a 
region of mounting plate 32 sandwiched between a first electrode on a top surface of the 
mounting plate and a second electrode on a bottom surface of the mounting plate. Voltage 
15 generated between the first and second electrode of a transducer 30 responsive to acoustic 
energy incident on the transducer is used to sense the acoustic energy. Whereas first 
electrodes of transducers are substandally electrically isolated from each other each second 
electrode may be a region of a same single large electrode on the bottom surfece of the 
mounting plate. 

20 In some embocUments of the invention mounting plate 32 comprises a flexible 

membrane, which is adhered to the sidn by a suftable adhesive, and each transducer 30 
comprises a reflective coating on a different region of the membrane. A suitable light source 
is used to scan and selectively illuminate the reflective coatings. Light from the light source 
reflected by a given reflective coating is received by an optical sensor or sensor system. 

25 Acoustic energy incident on the membrane distorts and/or displaces regions of the membrane 
and thereby distorts and/or displaces reflective coatings on the membrane. Intensity and/or 
phase of light from the light source reflected by a reflective coating of a given transducer 
and/or a location on the sensor or sensor system at which the reflected light is received is 
responsive to the distortion and/or displacement and is used to generate a signal responsive to 

30 the incident acoustic energy. Methods of sensmg acoustic energy responsive to uitensily, 

phase or location of incidence on an optical detector of light reflected from a flexible 

membrane on which the acoustic energy is incident arc known m the art and any of these 

methods may be used in the practice of the present invention. 

5 
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For convenience of piesenUtion. in Figs lA and IB and figures that follow 
transducers 30 aie shown as separate elements mounted on mounting plate 32. 

Light fiom light source 42 is optionally shaped by optics 44 into a relatively thin fan 
shaped beam of light schematically indicated by dashed lines SO and directed so that it is 

5 incident on mounting plate 32 betwen lOws 36 of transducers 30. Fan beam 50 has a central 
axis 52 and a fan angle 9. To enable light in fen beam 50 to pass through mounting plate 32 
and illuminate tissue below skin 22, mounting plate 32 is optionally formed from a material 
that is transparent to light in fan beam 50. Additionally or alternatively, mounting plate 32 is 
formed with a slot 54 through which light beam 50 passes. OptionaUy, adhesive layer 26 is 

10 formed from a material that is transparent to liglit m fan beam 50. Additionally or 
alternatively, adhesive layer 26 docs not cover slot 54 so as not to interfere with passage of 
light through the slot. 

Intensity of light in Ught beam 50 and a number and configuration of transducers 30 in 
array 34 are such that photoacousdc waves stimulated by the liglit beam m tissue to a depth 
15 below skin 22 indicated by dashed "depth" lines 54 are generally detectable by the transducer 
array. A region 56 of the tissue in which phol»acoustic waves that are detectable by 
transducer array 34 are stimulated is substantially bounded by the envelope of light beam 50 
and dashed depth lines 54. Region 56 is coincident with the field of view of glucomcter 20 
and will be rcfenred to as "field of view 56". 
20 Since glucometer 20 is assumed to be aligned with blood vessel 24, the blood vessel 

passes substantially through axis 52 in a direction substantially perpendicular to flie plane of 
fen beam 50. In accordance with an embodiment of the invention, lens 44 forms fen beam 50 
having a fen angle 8 large enough so that at an eiq>ected depth of blood vessel 24 below skm 
22 a cross section of field of view 56 in the plane of the fan beam 50 is substantially larger 
25 than a cross section of the blood vessel 

Optionally fan beam 50 is configured so that at a depth of blood vessel 24 below skin 
22. fan beam 50 extends on either side of the blood vessel by a distance, hereinafter an 
"alignment margin", equal to about 3 mm. For example, for a diameter of blood vessel 24 
equal to about 1 mm and having an expected location about 2 mm below the surface of skin 
30 22, fan beam 50 is optionaUy configured so that at about 2 mm below the skin, widdi of the 
fan beam m the plane of the fan beam is equal to or greater than about 7 mm and tiie fan beam 
has a fan angle 0 equal to about 120^. 

6 
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In some embodiments of the invention, a glucometer similar to glucometer 20 is 
configured to have an aligning margin difieient from about 3 mm. For example, for a 
glucometer similar to glucometer 20 that is to be used to monitor glucose levels in an afliletc 
duxing exeicise, displacements by which the glucometer might become misaligned may be 

S e?cpected to be greater than usual and the glucometer configured to have an alignment margin 
greater than about 3 mm. Optionally the alignment margin is equal to about 5 mm. For a bed 
ridden patient a glucometer may have an alignment margin less than about 3 mm. Optionally 
tiie alignment margin is equal to about 2 mm. 

To align glucometer 20 with blood vessel 24 as shown in Figs. 1 A and IB, glucometer 
10 20 is placed on a region of skin 22 below which blood vessel 24 is expected to be located. A 
suitable gel or oil is optionally used to acoustically cot^jle the glucometer to the skin. A 
control signal is input to glucometer 20 via interfece buttons 49 instructing controller 46 to 
operate in an alignment mode and the glucometer is oriented so that the plane of li^t beam 
50 is substantially perpendicular to the length of the blood vessel. Optionally, controller 46 

15 indicates orientation of the plane of fan beam 50 by generating a suitable icon on display 
screen 48. 

The patient and/or a person aiding the patient, then moves glucometer 20 back and 
forth siibstantially in a direction perpendicular to the length of blood vessel 24. Optionally, 
during motion of glucometer 20, controller 46 controls transducer array 34 to image features 

20 below skin 22 and in particular blood vessel 24 witii ultmsound using methods known in tiie 
art In some embodiments of the invention Doppler shifted ultrasound ima^g methods 
known in the art are used to ima^ blood vessel 24. Optionally, during motion of glucometer 
20, controller 46 contiols li§^t provider 40 to illuminate tissue below skin 22 with light tiiat 
stimulates photoacoustic waves in the tissue. Optionally, conttoUer 467 controls light provider 

25 40 to illuminate tissue below skin 22 vnXh light at at least one wavelength that is strongly 
absorbed by blood. Signals generated by transducer array 34 responsive to the photoacoustic 
waves are used to pitjvide a "photoacoustic" image of features below skin 22 and in particular 
blood vessel 24. 

Optionally, controller 46 generates a signal responsive to the ultrasound and/or 
30 photoacoustic image to aid a user of glucometer 20 to align the glucometer with the blood 
vessel. For example, controller 46 may control a LED and/or a small speaker (not shown) 
responsive to the image to provide an optical and/or audio signal indicating when glucometer 
20 is aligned with blood vessel 24. 

7 
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Qptionally, controller 46 displays the ultrasoimd and/or photoacoustic image on screen 
48 to feciUtatB aligning the glwometer with the blood vessel. For ejtample, in some 
embodiments of the invention controller 46 displays the ultrasound or photoacoustic image on 
screen 48 together with a suitable fiducial maik representing the center of the field of view of 
5 glucometer 20. The patient, and/or Ae patient's aid, aligns glucometer 20 wiA blood vessel 24 
responsive to a location in the image of blood vessel 24 relative to the fiducial mark. 

Once the glucometer is substantiaUy aUgned with blood vessel 24, the position of tlie 
aligned glucometer on the patient's skin is optionally marked using any suitable marking 
device, such as a pen for maridng skin with non-toxic ink. The patient then removes 
10 glucometer 20 from skin 22 and applies a layer of adhesive 26 to mounting plate 32 or 
removes a protective coating on a layer of adhesive 26 already in place on the mounting plate. 
The patient and/or the patient's aid then repositions glucometrar 20 on skin 22 respon»ve to 
the aligmnent marks with the adhesive in contact with the skm and presses the Oncometer to 
the skin to assure proper contact of the skin to the adhesive. Methods of aUgning a glucometer 
1 5 with a blood vessel are described ha US Provisional AppUcation 60/476»623, filed on June 9, 
2003, the disclosure of v*ich is incorporated herein by reference. 

Once property aligned, a control signal is mput to the glucometer via interface buttons 
49 mstnicling controller 46 to operate in an assay mode to assay glucose in blood vessel 24. 
In the assay mode ccmtroUer 46 controls light provider 40 to ilhnnmate region 56 with light 
20 beam 50 at at least one wavelengfli that is scattered and/or absorbed by glucose. Signals 
generated responsive to photoacoustic waves generated in blood in blood vessel 24 by the 
light are used to determine concentiatioa of glucose ui the Wood. Any suitable method known 
m the art for processmg flie signals to determme the glucose concentration m the blood may 
be used. As noted above, exemplary methods for assajing glucose in blood in blood vessel 24 
25 responsive to a photoacoustic effect are described in PCX pubKcation WO 02/15776 and in 
US Provisional Application 60/458,973 cited above. 

As a result of the relatively large fen angle 9 of Ught beam 50 and its orientation 
substantially perpendicular to blood vessel 24, even if glucometer 20 becomes substantially 
misaligned witii the blood vessel, the blood vessel will in general remain inside field of view 
30 56 of the glucometer. As a result, degrees of misaUgnment typically encountered during 
operation of glucometer 20 wDl not in general substantially compromise satisfactory operation 
of the glucometer. ft is e3q)ected that glucometer 20 may become misaUgned relative to Mood 
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vessel 24 during assay operation oVer a period of time equal to about a working day by 
distances of magnitude less than or equal to about 2 mm. 

Figs. 2A and 2B sdiematicatty show a perspective view and a cross section view of 
another ^ucometet 60, in accordance with an raibodiment of the present invention. 
5 Glucometer 60 is similar to glucometer 20 except that glucometer 60 comprises a Ught 

provider 62 having a plurality of light sources 64 each optionally optically coupled to optics 
represented by a lens 66. By way of example, in Figs. 2A and 2B the number of light sources 
64 and associated optics 66 is equal to three. Light from each light source 64 is optionally 
formed by optics 66 associated with the Ught source mto a fen beam of light 68. Light from 
10 each fan beam 68 passes through slot 54 to illuminate Ussue beneath skin 22. The pluraUty of 
light beams 68 provides glucometer 60 widi a relatively large field of view 70 which is 
determined substantially by the envelopes of light beams 68 and depth lines 72. Because a 
pluraUty of Ught sources 68 is used to provide Held of view 70, light sources 64 may provide 
Ught at lower intensity than is provided by single Ught source 42 comprised in glucometer 20 
15 (Figs. 1 A and IB). 

In some embodimenls of the present invention, controller 46 controls Ught provider 62 
so ti»t less ttian all the light sources 64 are <m amutttueoudy. By turning on less tiian all 
light sources 64 at a same given time, U^ from Ught i»avider 62 iUuminates a known region 
of fieW of view 70, which is smaller tiian the field of view. At the ^en time therefore, 
20 photoacoustic waves stimulated by the ligjit have origins in a spatial it^m saaSist than that 
occi^ed by (he field of view 70 and spatial resolution with which (he origins can be located 
may be improved. 

Fig. 2C schematically shows a ghicometer 100 that is a variation of glucometer 60. 
Whereas glucometer 60 comprises a linear array of light sources 64, glucometer 100 

25 ccMnprises a two-dimensional array 102 of rows 101 and columns 103 of Ught sources 64. As 
in the case of glucometer 60, U^t fi-om each Ught source 64 is optionally shaped by 
associated optics 66 into a fan beam 68 of light. The planes of fan beams 68 are optionally 
substantially paraUel to each other. Fan beams 68 are shown for only a few Ught sources 64 
for clarity of presentation and to prevent clutter. Optionally, mounting plate 32 is transparent 

30 to light in fan beams 68 and light in a &n beam passes through the mounting plate to 
illuminate tissue below a re^on of a patient's skin 22 to which glucometer 100 is attached. 
Optionally, Ught fiom each Ught source 64 is transmitted tiizough a suitably shaped slot 104 
formed in mounting plate 32. In some embodiments of the inv^tion, different rows 101 

9 
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provide Ught at diflfeient wavdcnBths of a ploraBty of wavelengflis used to assay glucose in 
blood vessel 24. 

Glucoioetets 20 (Figs. lA md IB) and 60 (Figs. 2A and 2B) described above have 
fields of view that aie rdatively "thin" in directions perpendicular to their respective fan 
5 beams and relatively large in a direction parallel to the planes of their fen beams. As a result 
of the shsqie of their fields of vievf, it is generally advantageous to align glucometers 20 and 
60 -wifli a blood vessel so that the planes of their fen beams are substantially perpendicular to 
die length of the blood vesseL For "perpendicular alignment", displacement of glucomctcr 20 
or 60 along the length of blood vessel 24 does not substantially misalign the glucometers nor 
10 as a result substantially affect their operation. Displacement of glucometer 20 or 60 
perpendicular to blood vessel 24 wiU generally not remove the blood vessel from their 
respective fields of view, and as a result will also not in general injure operation of the 
glucometers. Such perpendicular alignment is relatively easy to achieve for blood vessels in 
the arm or wiist whose lengths are often substantially parallel to &e lengths of the appendages 

15 in which they are located. 

Glucometer 100 shown in Fig. 2C has a field of view that is thicker in a direction 
perpendicular to the planes of ite fen beams 68 than that of glucometers 20 and 60. As result 
of Its thicker field of view, glucometer 100 may often be easier to align with a patient's blood 
vessel than are glucometers 20 and 60. It is expected that alignhig glucometer 100 should be 

20 easier than aligning glucometeis 20 and 60 with a blood vessel for situations in which a 
direction of a length of the Wood vessel is not known or tiie patienes blood vessel is relatively 
twisted. 

In glucometers 20, and 60 and 100 a relatively large, in at least one direction, field of 
view is generated using, in addition to an appropriate array of transducers, optics to form at 
25 least one fen beam of light from light received from a suitable light source. In some 
embodiments of the invention, a relatively large field of view is provided using an array of 
acoustic transducers and a light pipe that receives light from at least.one light source and 
transmits tiie light from an output aperture of tiie light pipe as a beam of light having a large 
cross section in at least one direction. For example, ti»e light pipe may receive Ught from a 
30 plurality of U^t sources and transmit tiie received light from a relatively long output aperture 
to provide a beam of light havmg a large cross section. 

Fig. 2D schematically diows an exemplary glucometer 200 ccmpiising a light 

provider 202 comprising a ligl>i pipe 204 coupled to a plurality of Ught sources 206, in 

10 
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accoidance wWi an cmbodimeat of the piesent iavention. Glucometer 200 optionally 
comprises an array of transducets 30 similar to that showi in Figs. lA, IB and 2C. 
(Tiansduceis 30 behind Hgjit pipe 204 are not shown.) 

Light pipe 202 is optionally rectangular having relatively large fiice surfaces 208 and a 
5 relatively narrow edge snrfece 210 along which Ught sources 206 are coupled using methods 
known in the art Optionally, sobsianfially aU surfece regions of Ught pipe 204. except for a 
narrow edge sorfece. an "output aperture" of the ligjit pipe, opposite edge surface 210. are 
covered with a reflective coating that reflects Ught provided by Ught sources 206. Light 
provided by U^t sources 206 exits Ught pipe 204 ftom the output aperture edge opposite edge 
10 210 as a relatively thin but wide beam of Ught 212 tiiat has a cross section in the plane of Ught 
pipe substantially larger tiian tiie cross section of blood vessel 24. Optionally, light pipe 204 is 
fomed having scattering centers using metiiods known in tiic art to homogenize light that the 
Ught pipe receives from light sources 206 so tiiat Ught exiting tiie light pipe has feirly uniform 
intensity along die output aperture. 
15 It is noted tiiat whereas light pipe 204 is lectangulai. Ught pipes having shapes 

different fiom light pipe 204 and configurations of light sources different fiom tiiat shown in 
Fig. 2D may be used in flie practice of the present mvention. For example, tiie Ught pipe may 
be a relatively long tube-Ukc Ught p^ie having a square, Hiangiilar or hemispherical cross 
section. The Ught pipe has a relatively long narrow surface running substantially tiie lengfli of 
20 tiic tube that fimctions as an output aperture. Light is inserted into tiie Ught pipe fiom a Ught 
source opticaUy coupled to a surfiwe rep on at at least one end of ttie tube. In addition, more 
tiian one Ught pipe may be used to provide an appr«)priate li^ beam form iUuminating a field 
of view of a glucometw, in accordance witii an embodunent of tiie present invention. 

Figs. 3 A and 3B schematically show yet anotiier glucometer 80, in accordance wifli an 
25 embodiment of flie present mvention. Glucometer 80 is similar to glucometers 20. 60 and 100 
but comprises a Ught provider 82 having a light source 84 and associated optics 86 and a 
mirror 90. Optics 86 optionally forms Ught from light source 84 into a fen shaped beam 88 
and directs tiie light to mirror 90. which is jotatable about an axis 92. Mirror 90 reflects Ught 
fliat it receives as a fan beam 94 tiirough slot 54 to Uluminate tissue below skm 22. 
30 Orientation of mirror 90 about axis 92 is controlled by controUer 46 to duect Ught beam 94 at 
different angles into tissue below skin 22 so tiiat tiie Ught beam scans a relatively large region 
of tiie tissue and thereby provides glucometer 80 with a relatively large field of view. 
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In some embodiments of the invention, conHoller 46 coirelates position of mirror 90 
and thereby 4e position of U^t beam 94 with acoustic signals generated by transducers 30 
responsive to photoacoustie waves sensed by the transducers. By correlathig the position of 
beam 94 with the acoustic signals, a portion of the field of the view of glucometer 80 in which 
5 the sensed photoacoustic waves originate is localized and spatial resolution for locating 
origins of the photoacoustic waves may be unproved. 

In the glucometers described above (glucometers 20. 60. SO and 100). optics are 
optionally used to fonn light from a light source into a fen shaped light beam having a 
relatively large cross section in the phme of the fan beam. In accordance whh some 
10 embodiments of the invention, scanering of light in body tissue is reUcd upon to provide a 
glucometer with a light beam having a lelathrely large cross section. Light ftom a light source 
iT, the glucometer is directed into body tissue at a localized spot on a skin region to which the 
glucometer is attached. Upon entry into the body tissue the tissue scatten the light and 
spreads it into a substantially cone shaped beam having a relatively kirge cross section in a 

15 plane through an axis of tiie cone. 

Fig. 3C schemalicatty shows a cross section view of a glucoroelBr 180 sunilar to 
glucometer 80 comprismg a light provider 182 having an optic fiber 186 to direct light from 
light source 84 to minor 90. in accordance with an embodiment of the invention. Glucometer 
182, optionally, does not comprise optics to sh^ ligjit from light source 84 into a fan shaped 
20 Ught beam. Light from optic fiber 186 Is reflected by mirror 90 onto skm 22. Upon entering 
tissue below skin the tissue scatters the tight mlo a cone shaped beam 194 having a relatively 
large cross section m a plane fliat uicludes an axis 196 of cone beam 194. which plane in the 
cross section view of Fig. 3C is the plane of the paper. 

Fig. 4 schematically shows a glucometer 120 comprising a light provider having an 
25 array 124 of optic fibers 126 through which Ught is transmitted to illuminate tissue and blood 
vessel 24 below a region of a patient's skm 22 to which the glucometer is attached. 

A first end 130 of each optic fiber 126 is optionally coupled to an acoustic tiansduccr 
132 and a suitable light source 134. Acoustic transducer 132 is formed from a piezoelectric 
material transparent to light provided by Ught somce 1 34 and light radiated by tiie tight source 
30 propagates through tiie piez^oelectric sensor to enter optic fiber 126. Optionally, sources 134 
and acoustic transducers 132 ate foimed m a suitable substrate 136 ushig micro- 
manufecturing techniques known in the art 
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A second end 138 of each fiber 126 is mounted to a mounting plate 140 so that when 
the mounting plate is attached (optionally using a suitable adhesive 26) to a region of skin 22, 
the second ends of the fibers are in optical and acoustic contact with the skin. OptionaUy, each 
second end 138 is formed with a lens (not shown) and/or coi^led to optics (not shown) 
5 formed in mounting plate 140 that shapes Ughl from light source 134 that exits the second end 
into a beam of light (not shown) having a desired shape. Optionally, the lens and/or optics 
sh^s the light into a cone beam. In some embodiments of the invention the lens and/or 
optics shapes the Ught mto a fan beam. Each optical fiber 126 functions not only to transmit 
li^t fiom its associated laser 134 to illuminate tissue below skin 22. It also functions to 
10 propagate acoustic energy that reaches its end 138 from phol»acoustic waves stimulated in the 
tisst» by the light to its associated acoustic transducer 132. 

A controller 46 controls Ught sources 134 and receives signals generated by 
transducers 132 responsive to acoustic energy that the transducers receive via optic fibers 126. 
Optionally controUer 46 is configured to control transducers 132 to transmit ullrasound into 
15 tissue below skin 22 via optic fibers 126 for situations in which it is advantageous to 
acoustically image features mtte tissue. 

Components of ghicometer 120 are contained in a housing 150 shown in dashed lines. 
OptionaUy. a power source 45 for powering lasers 134 and controller 150 is mounted inade 
the housing. In some embodiments of the mvention Oncometer 120 receives power from an 
20 external power source optionally mounted to the patientfS body. Housing 150 optionally 
comprises a visual display screen and control buttcos (not shown) for transmitdng commands 
and or data to controller 46. 

Whereas in giucometer 120 each fiber 126 functions to transmit light and acoustic 
energy and is mounted to boA an acoustic transducer 132 and to a li^t source 134, in some 
25 embodiments of fte invention, optic fibers in a giucometer similar to giucometer 120 arc not 
coupled to both an acoustic transducer and a light source. Instead, each acoustic transducer 
132 is mounted to an acoustic waveguide, wAich may. be an optic fiber, which is not coupled 
to a Ught source 134 and each light source 134 is mounted to an optic fiber 126, which is not 
mounted to an acoustic transducer 132. 
30 In some embodiments of the invention a giucometer similar to a giucometer described 

herein is used not only to monitor a patient's blood glucose but also to control ihs patient's 
blood glucose. The giucometer is connected to a suitable insulin deUvery syst^ such as for 
example an msulin pump coupled to a needle or a drug deUvery patch, controllable to 



lS/01 '04 mi 14:28 FAX 872 9 821S389 



FENSTER 6 CO 



121018 



227/03564 

administer insulin to a patient TTie glucometer and delivery system are mounted to the 
patient* s body. The Blucometei cotttroUer controls the deliveiy system to administer insulin to 
tlie patient and control thereby the patients blood glucose Iwel responsive to blood glucose 
measurements provided by *e ghicometer. 
S It is noted that whereas tiie glucometers discussed above are described as being used 

10 assay glncose. the glucometers may be used to assay an analyte in blood in a blood vessel 
otiier than glucose. To assay an analyte in a blood vessel other than glucose, a glucometer in 
accordance with the invention is operated similarly to the way in which it is operated lo assay 
glucose but witii the glucometer's light provider providing light tiiat is absorbed and/or 

1 0 scattered by the otiier analyte. 

In the description and claims of tiie present application, each of the verbs, "comprise" 
"include" and "have", and conjugates tiieieof, are used to indicate tiial tiie object or objects of 
the verb are not necessarily a complete listing of members, components, elements or parts of 
the subject or subjects of the verb. 

15 The present invention has been described using detailed descriptions of embodiments 

tiifiteof tiiat are provided by way of example and are not intended to limit tiie scope of tius 
mvention. The described embodiments comprise different features, not all of v*ich are 
required in aU embodhnents of the tevention. Some embodiments of the present Invention 
utilize rady some of the features or possible combinations of the features. Variations of 

20 embodhnents of ttie present mvention tiiat are described and embodiments of the present 
invention comprising different combinations of featares noted in Ihe described embodiments 
van occiir lo persons of tiie art The scope of tiie invention is lunited only by tiie foUowing 
claims. 
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CLAIMS 

1. Appazatus for assaying en analyte in blood in a patient's blood vessel comprising: 

a light provider comprising at least one light source that illuminates a tissue region in a 
field of view having a central region beneath a region of the patient's skin with Ught that is 
5 absorbed and/or scattered by the analyte and stimulates photoacousiic waves in the region; 

at least one acoustic transducer that generates signals responsive to acoustic energy 
that it receives firom the photoacoustio waves; and 

a controUcr Hiat receives the signals and for lateral displacements of the blood vessel 
by up to about 2 mm from the central legion. the conuoller determines which of the signals 
10 originates in the blood vessel and uses the determined signals to assay the analyte. 

2. Apparatus according to claim 1 wherein the controller assays the analyte in blood in 
the blood vessel for lateral displacements up to about 3 mm. 

15 3. Apparatus according to claim 1 wherein the controUer assays Ae analyte in blood in 
the blood vessel for latwal displaconents vp to about 5 mm. 

4. Apparatus aocoiding to any of daims 1-3 wh(»eln the light provider comprises optics 
for each of the at least one Ught source that receives Hgh* from the Bgh* soatee and configures 

20 the received light into a £m sh^ Ughl beam that is used to iUuminate the tissue region. 

5. Apparatus according to dami 4 wherdn the at least one light source comprises a 
plurality of li^ sources. 

25 6. Apparatus according to chiim 5 wherein the fen beams of the plurality of light sources 
are substantially parallel. 

7. Apparatus accoiding to ddm 6 wherein the plurality of light sources are collinear. 

30 8. Apparatus accordmg to claim 6 wherein the plurality of Ught sources are configured in 
an array of rows and colxunns. 
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9. Apparatus according to any of claims 4-8 wherein light fiom the optics associated with 
a light source is directed to a mirror rotatable about an axis that reflects the received light to 
the tissue region and wherein for dififerent angles of the mirror about its axis of rotation the 
fan beam iUuminates a different portion of flie tissue re^on. 

10. Apparatus according to any of claims 1-3 wherein light from the at least one light 
source is directed to a minor rotatable about an axis that reflects the received Ught to the 
tissue region and wherem for different angles of the mirror about its axis of rotation the light 
reflected by the mirror Uluminates different portions of the tissue region. 

1 1. Apparatus according to claim 9 or claim 10 and comprising a conlroUer that controU 
the angle of the mirror to scan Ihe tissue region with light from the light source. 

12. Apparatus aocoiding to any of the preceding claims wherein the li^t provider 
15 comprises a Ught pipe having an input surface region to which at least one light source is 

coupled and an output surface region through which light that enters the light pipe from Hie at 
least one light source exits the li^t pipe. 

13. Apparatus according to claim 12 wheiwn ttie Ught ppc has a shape of a ptanar plate 
20 Iiaving two large parallel fece surfaces nanrow edge surfeces. 

1 4. Apparatus according to claim 1 3 wherein the input surface region to which the at least 
one light source is coupled is a narrow edge surfece of the light pipe. 

25 15. Apparatas according to cUum 14 wherein the output surface region from wWch light 
exits die light ittpe is a narrow edge surface opposite the input surface region. 

16. Apparatus according to any of the preceding dauns wherein the at least one transducer 
comprises a plurality of transducers. 



30 



1 7. Apparatus accordmg to claim 16 wherein the transducers arc configured in an array of 
TOWS and columns of transducers. 
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18. Apparatus accotding to claim 16 or claim 17 and comprising a mounting plate, which 
is attached to the skintoacousficaJlyconplcthe apparatus to the skin. 

19. Apparatus according to claim 18 and Mrheiem the transducers arc mounted to the 
S mounting plate. 

20. Apparatus according to claim 18 wherein the mounting plate comprises a layer of 
piezoelectric material. 

21. Apparatus according to claim 20 wherein each of at least two of the plurality of 
transducers comprises a different region of the layer of piezoelectric material sandwiched 
between a first and a second electrode. 

22. Apparatus according to claim 21 whcrem the first electrodes of each of the at least two 
transducers are substantially electrically isolated fi^om each other. 

23. Apparatus accoiding to claim 22 v4ierein the second electrode of each of the at least 
two transducers comprises a diflerent region of a same conductor. 

20 24. Apparatus according to any of claims 1-23 wherein a transducer of the at least one 
transducer is acoustically coiqjled to the skin via an acoustic waveguide. 

25. Appatams according to claim 24 wherein the acoustic waveguide is an optic fiber. 

25 26. Apparatus according to any of claims 1-25 wherein a light source of the at least one 
Bght source is optically coupled to the skin vm aa optic fiber that transmits light from the light 
source to the skin. 

27. Apparatus according to claim 26 wherein a transducer of the at least one transducer 
30 light is acoustically coupled to the skin by the optic fiber. 

28. Apparatus according to any of the preceding claims wherein the controller controls the 

at least one transducer to acoustically image the blood vesseL 
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29, Apparatus accor<Kiig to any of the preceding claims wherein the controller processes 
signals generated by *e at least one transducer responsive to acoustic energy from the 
photoacoustic vraves to image die blood vessel 

5 

30, Apparatus accorffing to clahn 29 xAdicrein at least some of the light provided by the 
Ught provider is light at a wavelength at which light is strongly absorbed and or scattered by 
blood. 

10 3L Apparatus according to any of claims 28 or claim 30 wherein the controller uses the 
image to determine if fte blood vessel is substantiaUy aligned with the central region of the 
field of view. 

32. Apparatus according to claim 31 wherein the apparams comprises an hidicator light 
15 and the controller controls the indicator light to generate an optical signal indicative of a 

degree to which the blood vessel is aligned with the central region, 

33. Apparatus accordmg to claim 31 or clahn 32 wherein flie apparatus comprises a 
speaker and the controller controls die speaker to generate an audio signal indicative of a 

20 degree to which the blood vessel is aligned with the central re^on. 

34. Apparatus accordmg to any of claims 28-33 wherem the apparatus comprises a display 
screen and the controller displays a fiducial mark representing the central region of the field 
of view and the image of the blood vessel on the screen and wherem a distance on the screen 

25 between the blood vessel and the fiducial mark represents a distance between the blood vessel 
and the central region. 

35. Apparatus according to any of the preceding claims wherein the Ught provider and at 
least one transducer are comprised in a wearable housing, which when worn by the patient 

30 provides optical and acoustic coupling of the light provider and at least one transducer 
respectively to the patient*5 skin. 

36. Apparatus according to any of the preceding claims whorem the analyte is glucose. 

18 
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37. Appaiatus for controlling blood glucose level in a patient comprising: 
assay appaiatus according to claim 36; 

an insulin delivery system controDable to administer insulin to a patient 
vAieiein the controller controls the insulin deliveiy system responsive to glucose 
assays provided by the assay an[>aiatus. 
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ABSTRACT 

Apparatus for assaying an aoalyte in blood in a patient's Wood vessel comprising: a 
light provider comprising at least one li^ souice that illuminates a tissue region in a field of 
view having a central region beneath a region of the patient's skin with Ught that is absorbed 
5 and/or scattered by the analyte and stimulates photoacoustic waves in the region; at least one 
acoustic transducer that generates signals responsive to acoustic eneigy that it receives from 
thephotoacousticwaves;anda coolioller that receives the signals and for lateral 
displacements of the blood vessel by up to about 2 mm from the central region, the controUer 
determines which of the signals originates in the blood vessel and uses the detennined signals 

i 

10 to assay the analyte. 
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